The thermal balance of 22 full term, 9 small for date, and 8 large premature infants was studied by gradient layer direct calorimetry on the 1st day of life. In addition, the influence of muscular activity on the ability to sweat of 8 full term infants was investigated. The same measurements were repeated in 20 infants on the 3rd day of life.
Introduction
Briick [6] was the first to describe the essential criteria of homeotherm behavior in both full term and premature infants on the 1st day of life. He was able to demonstrate not only maximal vasoconstriction and metabolic response to cold, but also vasodilatation and sweat reaction in a warm environment.
During the last 10 years most studies have been focused on investigation of the neutral temperature range, the minimal oxygen consumption, and the metabolic response to cold. Attempts have also been made to examine the various factors upon which the basal metabolic rate depends.
Knowledge of the thermoregulatory response of the neonate to a warm environment immediately after birth is more scant, although in a few cases vasomotor reaction, ability to sweat, or metabolic response were studied separately during the neonatal period. However, with regard to the complexity of the thermal balance in a warm environment, such studies could not produce enough information to provide understanding of the relation between the various physiologic events.
Inasmuch as almost all of the previous studies were performed by indirect calorimetry, it was of great interest to measure the various physiologic responses by direct calorimetry. Construction of a gradient layer calorimeter according to Benzinger's principle [4] allowed us to perform an extensive study on the dynamics of metabolic response of the neonate by direct, continuous measurements of convective, radiative, and evaporative heat losses.
The present study was carried out to estimate the efficiency of the different heat-dissipating mechanisms and to compare the ability of the full term, full sized, small for date, and premature infants to reach and to maintain thermal equilibrium in a heat-gaining environment on the 1st day of life.
Materials and Methods
Forty-seven newborn infants were studied on the 1st day of life. The consent of their parents was obtained in every case before the experiment. In all cases the pregnancy and the delivery were uneventful, and all infants were vigorous immediately after birth with an Apgar score of 8 or more at the 1st min of age.
The infants were divided into four groups as follows.
Group I
Twenty-two infants in this group with birth weights which ranged from 2,890 to 3,920 g (mean 3,419 g), all appropriate for gestational age (range 38-42 weeks; mean 39.9 weeks), were studied.
Group II
The nine small for date infants of this group had birth weights of 2,253-2,666 g (mean 2,486 g) and gestational ages of 39^i3 weeks (mean 41 weeks). Their weight fell below the 10th percentile curve of Lubchenco's standard [28] .
Group III
This group was constituted by eight "large" premature infants, just on the borderline of prematurity with birth weights of 2,130-2,920 g (mean 2,560 g) and gestational ages of 35-37 weeks (mean 36.1 weeks).
Group IV
The eight infants in this group were studied separately because of their continuous, intensive activity accompanied by crying and restlessness. The birth weights and gestational ages of these infants varied between 2,690 and 3,566 g (mean 3,154 g) and 40 and 43 weeks (mean 40.9 weeks), respectively.
The study was completed by repetition of examina-tions in 20 cases on the 3rd day of life in order to obtain information about the effect of initial weight loss on the heat-dissipating ability of the neonate. All experiments were carried out in a gradient layer direct calorimeter at ambient temperature 37°, relative humidity 50%, and air flow 30 liter/min.
The infants were examined before being fed on the first day, and again on the 3rd day of life about 2 hr after the last feeding.
The experiment usually lasted 90 min and was stopped when a steady state of evaporative heat loss and internal temperature was reached for at least 5-10 min.
The infants wore nothing except for a urine bag, and were fixed in a supine position to a special bed. If there was any leakage of urine or meconium during the study, the experiment was not evaluated.
The infant was carefully watched during the whole experimental period and activity was checked every 2 min according to the arbitrary scale used by Briick et al. [7] . Only infants with an activity level of -4 (eyes closed, no movement) were included in the study (apart from group IV). The respiratory rate was counted every 10 min. The evaporative, dry, and total heat losses as well as esophageal [37] and mean skin temperatures were continuously recorded.
The skin temperature was recorded at six different sites (forehead, upperarm, abdomen, thigh, hand, and foot [38] ), and weighing factors, derived from the data of Silverman and Agate [32] , were used to obtain the mean skin temperature.
Dry Heat Loss Measurements
The calorimeter forms a cavity of 80 by 30 by 30 cm. The inner surfaces are completely covered with a gradient layer which allows the measurement of heat losses by radiation and convection (dry heat losses). The gradient layer (Fig. 1) consists of a plate of expoxy resin 2.4 mm thick with a printed circuit of nickel on both sides. The electric resistance of the circuits is a function of the temperature. The inner and outer circuits are connected to form a Wheatstone bridge which is supplied by a constant current.
The measurement of the heat flow from the infant is based upon the principle of the law of Fourier on the conduction of heat; this law states that the heat flow through a layer of a given surface, thickness, and thermal conductivity is proportional to the difference of temperature between the two surfaces of the layer (Fig.  1 ). With our layer, it is easy to demonstrate that the voltage measured with the Wheatstone bridge is directly proportional to the heat flow. For this measurement, the outer surface of the gradient layer must be maintained at a constant temperature. This is obtained by a rapid circulation of water inside the walls of the calorimeter; the water temperature is very precisely regulated at a set temperature with maximal variations of ±0.01°.
The calibration of the calorimeter was performed with a source of electric heat (a resistance made of a long constantan wire) connected to a high quality wattmeter. A nearly perfect correlation was found between the heat output and the heat measured by the gradient layer. The gradient layer response changed less than 0.25% when a given amount of heat was measured at a temperature varying from 20° to 40°.
Evaporative Heat Loss Measurement
Air passes through the calorimeter in an open circuit (Fig. 2) . Fresh air is constantly forced through the Fig. 1 . Gradient layer. In accordance with Fourier's law on thermal conduction, the amount of heat (Q) going through the plate is: Q, X/E X S X T, where T represents the temperature gradient across the plate.
Neonatal thermal balance 891 calorimeter at a rate of 30 liters/min. Before reaching the calorimeter, the air is first saturated at a low temperature, T o , in a heat exchanger, the "saturator." The temperature, T o , is determined according to the relative humidity chosen for the experiment. Then, heat is added to the air in a second heat exchanger, the "heater," until it has reached the calorimeter temperature. The air passes through the calorimeter and carries away the water vapor lost by the baby. Outgoing air from the chamber passes into a third heat exchanger, the "condenser," which is maintained at the low temperature, T o , the same temperature at which the air was previously saturated. In the condenser, the water vapor lost by the infant condenses out and gives up its latent heat which is measured by a gradient layer. At the outlet of the condenser, the air has resumed saturation at the temperature T o . The evaporative heat loss of the infant is obtained by subtracting the heat given by the heater to the heat measured in the condenser. Total heat loss is the sum of dry and evaporative heat losses.
Calculation
The heat storage (AS) was calculated by assuming that the core represented 60% and the skin 40% of the whole body temperature [32] as follows: AS = m b x c b X (0.6 ATJ + 0.4 AT S )/At, where m b = body weight; c b = specific heat of body mass = 0.84 Cal kg-1 "C" 1 ; AT( = variation of internal temperature; AT S = variation of mean skin temperature; and A t = time internal. The metabolic rate was calculated from the formula of heat balance [22] : metabolic rate = heat losses + heat storage. The cutaneous thermal conductance was determined according to the formula suggested by Hardy and Soderstrom [22] : conductance = [rate of cutaneous heat losses]/[body surface X (T t -T s )] where Tj is the internal and T s is the mean skin temperature.
For statistical analysis the means and SE were calculated for every 5 min before, and for every 2 min after the beginning of sweating. The P values presented were determined by Student's t test.
Units of Measure
The heat losses, heat storage, and metabolic rate were expressed in watts.
For purposes of comparison with the results obtained by indirect calorimetry; 1 W = 14.334 cal/min = 0.860 Cal/hr = 2.975 ml O 2 consumed/min (supposing that 1 ml O 2 consumed/min is equal to 4.825 cal/ . Q E : evaporative heat loss; () ij +c : radiative and convective heat loss; Qr ; total heat loss.
min). Cutaneous thermal conductance was expressed in calories per second per square meter, at a set temperature, degrees Centigrade.
Results

Heat Losses
The changes in evaporative, dry, and total heat losses are shown in Figures 3 and 4 . The evaporative heat loss was very stable and of about the same extent in each group of infants before the sweating. The sweat response of the normal neonate was elicited about 35 to 40 min after exposure to an ambient temperature of 37°, at an esophageal temperature of 37.45°. The maximal rate of sweating was about 4 times higher than the basal values and was reached 35 min after the onset of active sweating.
In the small for date group, the sweat reaction began 55-60 min after exposure to a hot environment; However, the sweat rate increased more rapidly, and the maximal value obtained was 5 times higher than the basal value of the evaporative heat loss. The changes with time of the evaporative heat loss in the premature group were similar to those of the small for date infants, but the maximal rate of sweating remained significantly lower as compared with any group.
Two different types of sweat response were observed in individual cases. The more common type was represented by repeated increase in evaporative heat loss, followed by a more or less long plateau. Less frequently, we found a rather rapid and continuously increasing sweat reaction.
In Figure 5a , the evaporative heat loss is shown as a function of the esophageal temperature. In good agreement with Benzinger's set-point concept [5] , at a definite deep body temperature, the thermoregulatory sweat reaction was elicited in each, the normal, the small for date, and the premature infants. Although we could find rather great variations in the threshold temperature for sweating in each group, the difference observed between normal and small for date and between normal and premature babies was highly significant (P < 0.005), with a mean value of 37.45° (SE ±0.06), 37.8° (SE ±0.07) and 37.76° (SE ±0.09), repectively.
In Figure 6 the evaporative heat loss is plotted against the forehead temperature. At first, a very pronounced decrease in the forehead temperature can be seen, which is followed by an only slightly increased evaporative heat loss, which indicates that probably most of the evaporation was originated from the forehead. Later, the same drop in forehead temperature was accompanied by a far higher evaporative heat loss. The difference is due to the more intensive sweating of the forehead on the one hand and to the sweating of the other parts of the body on the other.
The onset of the sweat reaction could be ascertained by the increase of evaporative heat loss of the quiet, sleeping infants, and also by the drop in forehead temperature in both the quiet and crying infants. The fall in forehead temperature always appeared to be the first and the most pronounced drop when compared with other regions of the body.
The characteristics of the sweat reaction of the neonates are summarized in Table I .
The dry heat loss (radiation and convection) is at first negative in each group. When the mean skin temperature reaches the level of 37° it becomes 0 and, with further increase in mean skin temperature, it rewatt/ kg mains always positive. When the sweating is so effective that it can produce a cooling of the body surface, one can see a limited, statistically unsignificant fall in the dry heat loss (Fig. 3) . After the onset of sweating the dry heat loss is significantly higher in the small for date and premature groups than in the normal group (P < 0.05).
As a result of the changes in the evaporative and dry heat losses, the total heat loss is at first negative, which indicates that this environment is heat gaining for the baby. Later, particularly after the sweating, it is rapidly increasing (Fig. 4) .
Heat Storage
As is shown in Figure 4 , there is an inverse relation between the heat storage and total heat loss. Until the beginning of sweating, heat storage is always positive. At this point of time, an abrupt fall can be seen and later all values are scattered around 0. The latter indicates that a new thermal equilibrium is obtained. However, the premature infants were not able to reach this equilibrium, inasmuch as their heat storage remained always positive.
Skin and Esophageal Temperatures
The changes with time of mean skin and esophageal temperatures are shown in Figure 7 . It can be seen that both the internal and mean skin temperatures increase at nearly the same rate until the onset of sweating. The three groups do not differ from each other. In 15 min the normal infant attains the constant body temperature of 37.66°. The small for date infant begins to sweat at a body temperature of 37.8°a nd he is able to maintain a new thermal equilibrium at an esophageal temperature of about 38°. The internal temperature of the premature infant is constantly increasing and the steady state is not reached by the end of experiment. It is interesting to note that the difference between the set-point of sweating and the new steady level of internal temperature was the same, i.e., 0.2°, in both the normal and small for date groups.
It is also shown in Figure 7 that the small for date and the premature infants first begin to sweat at a mean skin temperature of 37°, whereas the normal neonate begins to sweat at a significantly lower level, i.e., at 36.7° (P < 0.05). After sweating, the mean skin temperature either remains unchanged or diminishes in each group.
The changes with time of skin temperatures re- corded at different sites of the body are shown in Figure 8 . According to Burton's equation [8] , the skin temperature before sweating is almost linearly proportional to the cutaneous blood flow under our experimental conditions. In this sense, one can say that the vasomotor response is most pronounced in the hand and foot and most limited in the abdominal and frontal skin.
From the beginning of sweating the skin temperature is decreasing in each area because of the evaporation of water. This phenomenon allows the conclusion that the forehead is the first to sweat, and is followed chronologically by the upperarm, hand, thigh, foot, and, finally, by the abdomen. Using the set-point hy- pothesis, it may be said that the threshold body temperature for sweating is lowest for the forehead, and with increasing body temperature the other regions which have a higher set-point will be activated to sweat.
Cutaneous Thermal Conductance
The variations in cutaneous thermal conductance as a function of time of exposure to the ambient temperature of 37°, and also as a function of internal temperature are shown in Figure 9 . It can be seen that during about the first 20 min conductance is negative, a fact which indicates that heat is transferred from the surface to the core. After the beginning of sweating, a rapid rise was observed which reached maximal value at an esophageal temperature of 37.6° in normal and 37.93° in small for date and premature groups.
In Figure 5b , the cutaneous thermal conductance is plotted against the evaporative heat loss. From these data it is evident that the sweat reaction is preceded by the increase in skin blood flow, and, when sweating is induced, the relation becomes linear in each group.
Metabolic Rate
In Figure 10 the changes in the metabolic rate are shown. It can be seen that the neonate subjected to the same heat stress for a longer period of time responds with a continuously increasing metabolic rate. Although this increase is statistically significant in each group (P < 0.01 and P < 0.005), the rates for small for date and premature infants tend to increase more rapidly, and to reach a significantly higher level than that observed in their normal controls (P < 0.05).
It is interesting to note that at the beginning of sweating a sharp fall in the metabolic rate was found in each group, which was followed by the same rise after a short period of time. These changes seem to be due to the rapid changes in heat storage. It is also shown in Figure 10 that there is a strong positive correlation between deep body temperature and metabolic rate; increasing esophageal temperature is accompanied by a steady rise in metabolic rate.
Comparison of these data with those obtained in our previous study [36] , makes evident that the metabolic rate at ambient temperature of 37° is far lower than that found at "neutral" temperature (at 32° metabolic rate = 2.25 W/kg; SE ±0.06).
Because these findings were observed in two different, but comparable groups of newborn infants, we subjected two infants to both neutral and warm environments in order to compare the metabolic responses more exactly. As is shown in Table II , the stabilized metabolic rate at an ambient temperature of 37° was lower than under neutral conditions by 16.3% and 19.2%.
Activity
All infants included in the study remained quiet and were sleeping during the whole experiment.
The respiratory rate of normal, small for date, and premature infants rose significantly from 43/min (SE ±2.2), to 63/min (SE ±4.14, P < 0.01); from 44/min (SE ±4.9) to 79/min (SE ±5.3, P < 0.001); and from 52/min (SE ±4.2) to 74/min (SE ±4.9, P < 0.01), respectively.
It was striking that this elevation was not achieved by a continuous increase. Usually, the respiratory rate sharply augmented some minutes before the beginning of sweating.
Eight infants (group IV) with crying and vigorous activity for about 10-15 min were studied separately. In this group the evaporative heat loss increased before the sweating as a consequence of the increased respiratory heat loss. Therefore, the set-point was indicated only by the dropping forehead temperature. When this was observed, the experiment was discontinued to verify visually the sweat reaction.
The mean threshold temperature for sweating during activity was 37.09° (SE ±0.04) and proved to be significantly lower than the set-point of 37.45° found in quiet, sleeping neonates (P < 0.005).
Changes in Sweat Response on 3rd Day of Life
In 20 cases the examination was repeated on the 3rd day of life under the same experimental conditions as it was performed on the 1st day. As indicated in Table  III , this group was divided into two subgroups according to the behavior of set-point temperature: (subgroup a) the set-point temperature decreased; (subgroup b) the set-point temperature increased or remained unchanged. It can be seen that in subgroup a the threshold temperature for sweating is significantly lower on the 3rd day (P < 0.01), but both basal and maximal values of evaporative heat loss remained practically unchanged.
In subgroup b, the basal and maximal levels of evaporative heat loss were also nearly the same, but the increase of set-point proved to be statistically significant (P < 0.05).
It is also shown by Table III that, when the setpoint was higher on the 3rd day, the new thermal equilibrium was reached at a higher body temperature, whereas a decreasing set-point resulted in the stabilization of the deep body temperature at a lower level.
Comparison of the two subgroups yielded observations of a statistically significant difference in weight loss from the 1st to the 3rd day (P < 0.05). Therefore, one can assume that the increase of set-point of sweating may be caused by the greater weight loss, i.e., by dehydration.
Discussion
Sweating
Evaporation of the water from the skin has long been recognized as a main source of elimination of heat from the body in a warm environment. During the last few years the ability of the newborn infant to sweat and the factors which influence the sweat reaction to different stimuli have been studied repeatedly.
Briick [6] found that the full term newborn infant was able to sweat as early as on the 1st day of life if the ambient and rectal temperatures were as high at 35° to 37°, and 37.5° to 37.9°, respectively. This finding was confirmed by Foster et al. [13, 14] and by Hey and Katz [24] . The observed that thermoregulatory sweating occurred in infants born within 3 weeks of term when the ambient temperature exceeded 34-35° and the rectal temperature exceeded 37.2° during the first 10 days of life. It was also found that the threshold body temperature for sweating decreased and the maximal sweat reaction increased with increasing postnatal age. Their data provided evidence that functional development of sweat mechanism was determined by gestational age.
We could also demonstrate that not only threshold body temperature for sweating, but also maximal sweat reaction greatly depended on gestational age.
The importance of gestational age in the maturation of glandular reactivity was demonstrated also by intradermal pharmacologic stimulation with epinephrine, acetylcholine [3, 14, 19] , nicotine, and pilocarpine [18] .
Inasmuch as, in the present study, we observed a wide variation in the sweat reaction of newborn in- fants of the same gestational age under the same experimental conditions, it must be assumed that the sweat response to thermal stimuli is influenced by several factors, and not only by gestational age. The most striking result was the increase in threshold body temperature for sweating in small for date infants. This shift may be due to: (i) physical characteristics of the skin [11] ; (2) dehydration, although it has been recently suggested that the extracellular space of the small for date infants is expanded if it is expressed as percentage of the body weight [9, 10] ; (3) chronic hypoxia as a consequence of the chronic fetal distress [20] .
It is known that infants with severe malformation of the central nervous system fail to sweat as a reaction either to warmth or to direct chemical stimulation [14, 15] . It can be assumed that slight hypoxic brain dam- age may be manifested only in the elevation of the set-point of sweating. The effect of muscular exercise on the thermoregulatory responses has been investigated widely in the adult physiology. There is increasing evidence that during work the sweat rate is higher than at rest for the same internal temperature, and also that the muscular activity seems to decrease the set-point temperature for all thermoregulatory responses [21, 26] . For the newborn infant, it was not possible to establish the exact relation between the muscular activity and the sweat reaction, because we had no method to measure quantitatively the muscular exercise. In addition, all experiments were discontinued at the beginning of sweating in order to be sure that the sweat response had been elicited.
Nevertheless, it can be stated that vigorous activity of the neonate accompanied by crying and restlessness for about 10-15 min resulted in a significant decrease of the threshold temperature for sweating. It was observed also by Foster et al. [14] that the sweat response of the neonate was often initiated or augmented in intensity when the infant became restless or cried.
We found that infants on the 3rd day of life who did not lose weight had a shift downward in the setpoint temperature. The phenomenon may be explained by the postnatal development of the control system as it was found by Foster et al. [14] and Hey et al. [24] , although the inductive effect of the first experiment (on the 1st day) also must be taken into consideration, because in experiments on adults the sweat gland training by drugs or thermal stress resulted in decreased threshold temperature and in increased sweat rate [12, 16] . A similar phenomenon which occurs during the neonatal period has been observed previously [14] .
When infants had lost about 3% of body weight, the set-point temperature went up, but the maximal rate of sweating remained unchanged. It is interesting to note that in experiments on adults dehydration of about the same degree reduced the sweat rate [27] , and the oral temperature was slightly higher by 0.1° [31] .
In our study the term "set-point" was used for the body temperature at which the sweat reaction of the forehead was elicited. Because the other parts of the body begin to sweat later on and at higher body temperature, it would be more reasonable to speak about separate set-points for each main sweating area.
The comparison between the thermoregulatory sweat reaction of the neonate and the adult exposed to a hot environment allows the following conclusions to be drawn: (i) the set-point temperature at which sweating is elicited is lower in adults [5] than in neonates; (2) in adults sweating occurs almost simultaneously on the different skin areas at nearly the same deep body temperature, whereas, in the neonate, each area is activated at different threshold temperature; (3) the increase in sweating is proportional to the rise of internal temperature in both adults [5] and neonates; (4) the rate of sweating of the adult is far higher at a given deep body temperature [5] than that of the newborn infant.
Metabolic Rate
It is generally accepted that the full term newborn infant responds to cold with an increasing metabolic rate, whereas the data which concern metabolic response to a hot environment are scanty and contradictory. The experimental basis of the view that the heat production of the neonate in an environment warmer than the neutral temperature range is increased must be questioned.
With increasing ambient temperature, up to 38-40°, the metabolic rate either remains unchanged or increases insignificantly [1, 2, 23, 25, 29, 33] .
Recently, Grausz [17] indicated that there was a statistically significant decrease (30%) in oxygen conNeonatal thermal balance 899 sumption at an ambient temperature of 40° as compared with 35°.
Furthermore, Ryser and J^quier [30] found that the metabolic rate continuously diminished as the environment became by 2° or 4° warmer than the neutral temperature.
In the present study, it has been demonstrated that the metabolic rate at an ambient temperature of 37°d isplays a drop of about 34% when compared with the results obtained under neutral ambient conditions [36] .
Although the metabolic rate of the normal full term infants gradually increased during our experiment, after reaching the new steady state, it remained by about 20% lower than under neutral conditions.
The higher values found in small for date infants are in good agreement with the concept of the relative hypermetabolism of growth-retarded newborn infants [34, 35] .
The increase in respiratory rate does not correlate well with the metabolic rate, and one can assume that the appearance of a more rapid rate of respiration is a thermoregulatory response to rising body temperature.
Our data suggest that the term "neutral thermal environment" of the neonate must be reconsidered. By definition, the neutral thermal environment is a condition at which heat production is minimal, body temperature remains unchanged, and the behavior of the baby is quiet for a long period of time.
The heat-gaining environment, after reaching the new thermal equilibrium, corresponds to all of these criteria, although the sweating, the increased cutaneous blood flow, and the increased respiratory rate are obvious signs of thermal discomfort.
Summary
The thermal balance was studied in 8 premature, 22 full term, and 9 small for date infants on the 1st day of life under the same environmental conditions (temperature 37°, relative humidity 50%, air flow 30 liter/ min) using gradient layer direct calorimetry.
Twenty neonates were studied again on the 3rd day of life.
Evaporative, dry, and total heat losses, as well as the esophageal and mean skin temperatures, were measured. Heat storage, cutaneous thermal conductance, and metabolic rate were calculated.
The following conclusions were made. 1. All infants were able to raise their evaporative heat loss by active sweating. Maximal sweat rate was related to gestational age.
2. The set-point temperature for sweating showed large variations. It seems to be influenced by many factors such as gestational age, postnatal age, muscular activity, physical characteristics of the skin, dehydration, and the function of the central nervous system.
3. Evolution of dry heat loss (convection, radiation) was related to the mean skin temperature. At first it was negative, and, when the mean skin temperature exceeded 37°, it became positive.
4. The heat storage decreased sharply and remained constant around 0 after the onset of the sweat reaction. It was inversely related to the total heat loss.
5. Full term and small for date infants were able to reach and maintain a new thermal equilibrium and stabilize body temperature at levels as high as about 37.7° and 38°, respectively.
6. Cutaneous thermal conductance preceded the increase of evaporative heat loss and its reaching of maximal value. The most pronounced vasomotor response was seen on the hands and legs.
7. At the beginning of the experiment, the metabolic rate of normal full term infants was about 34% lower than under neutral thermal conditions; however, after reaching the new steady state, this difference decreased to about 20%.
The metabolic rate of small for date and premature infants was significantly higher than that of normal infants.
